T he cerebral effect of hypnotic drugs can be monitored by means of validated monitors that analyze and condense information derived from the electroencephalogram (EEG) into a single value to simplify interpretation. 1 Less progress has been made with development of objective indices of the analgesic state. The development and validation of such indices are important since optimal analgesic titration during anesthesia might reduce total drug consumption and ultimately improve clinical outcomes. [2] [3] [4] The analgesic state is the net physiological result of the simultaneously opposing effects of nociceptive stimulation (e.g., surgery) and antinociceptive (analgesic) medication. 5 An imbalance between nociception and antinociception may result in somatic (movement), autonomic (cardiovascular), and/or arousal (an apparent decrease in the hypnotic component of anesthesia) reactions. Nociception-induced arousal responses during anesthesia result from the activation of brainstem arousal systems 6 by ascending sensory signals, which lead to cortical activation. These arousal reactions can be blunted by administering antinociceptive medication such as opioids that attenuate ascending sensory traffic and inhibit activation of subcortical arousal systems. 7 Very high concentrations of hypnotics can also blunt arousal reactions, even in the absence of analgesics; in the case of propofol, this is predominantly achieved by suppression of cortical activity and responsiveness. 8 Interestingly, in the absence of hypnotics, even high doses of opioids are unable to fully attenuate these arousal responses. These phenomena illustrate the complex interaction between hypnotics and analgesics. 9 Recently, an EEG-derived index of the analgesic state has been introduced, described as the Composite Variability Index (CVI). 10 CVI was developed as an index of the combined variability of the Bispectral Index (BIS) and electromyographic BACKGROUND: The Composite Variability Index (CVI), derived from the electroencephalogram, was developed to assess the antinociception-nociception balance, whereas the Bispectral Index (BIS) was developed to assess the hypnotic state during anesthesia. We studied the relationships between these indices, level of hypnosis (BIS level), and antinociception (predicted remifentanil effect-site concentrations, CeREMI) before and after stimulation. Also, we measured their association with movement in response to a noxious stimulus. METHODS: We randomized 120 patients to one of 12 groups targeting different hypnotic levels (BIS 70, 50, and 30) and various CeREMI (0, 2, 4, or 6 ng/mL). At pseudo-steady state, baseline values were observed, and a series of stimuli were applied. Changes in BIS, CVI, heart rate (HR), and mean arterial blood pressure (MAP) between baseline and response period were analyzed in relation to level of hypnosis, antinociception, and somatic response to the stimuli. RESULTS: CVI and BIS more accurately correlate with somatic response to an Observer Assessment of Alertness and Sedation-noxious stimulation than HR, MAP , CeREMI, and propofol effect-site concentration (Tukey post hoc tests P < 0.01). Change in CVI is more adequate to monitor response to stimulation than changes in BIS, HR, or MAP (as described by the Mathews Correlation Coefficient with significance level set at P < 0.001). In contrast, none of the candidate analgesic state indices was uniquely related to a specific opioid concentration and is extensively influenced by the hypnotic state as measured by BIS. CONCLUSIONS: CVI appears to correlate with somatic responses to noxious stimuli. However, unstimulated CVI depends more on hypnotic drug effect than on opioid concentration.
power (EMG) measured by frontal electroencephalographic electrodes, and increases in CVI have been associated with intraoperative somatic responses. 10 Recently, Ellerkmann et al. 11 studied the influence of remifentanil on CVI and tested the ability of CVI to predict patient movement, following a noxious stimulus. In all patients, propofol effect-site concentration (CePROP) was titrated to maintain a BIS between 35 and 65. However, they did not study the effect of the hypnotic level on CVI. They concluded that changes in CVI following a noxious stimulus were dependent on the remifentanil effectsite concentration (CeREMI) and change in CVI correlated with movement significantly better than changes in heart rate (HR) and noninvasively measured mean arterial blood pressure (MAP). However, since some indices of the analgesic state such as movement and autonomic reactions might be influenced by the level of hypnosis, the performance and use of CVI may not be equal at all levels of hypnotic drug effect (as titrated using BIS) nor at all levels of antinociception (using CeREMI as a surrogate).
The aim of this study was to investigate the relationship among CVI, BIS, and CeREMI across a wide range of hypnotic and antinociceptive levels, both with and without nociceptive stimulation. We also assessed the correlation of different thresholds for each measure with the probability of responsiveness and tolerance to stimulation. We considered HR and MAP as measures because they are still clinically used to titrate hypnotic and analgesic administration.
METHODS
After institutional ethics committee (University Medical Hospital Groningen, The Netherlands) approval and registration at ClinicalTrials.gov (NCT01053611), written informed consent was obtained from 147 ASA physical status I and II patients, aged 18 to 65 years, scheduled for surgery requiring general anesthesia. Complete group allocation is reported in Figure 1 . Exclusion criteria were: weight <70% or >130% of ideal body weight, use of loco-regional anesthetic techniques, neurological disorder, or any condition or treatment that could potentially interfere with cardiovascular status or level of consciousness during anesthetic induction. After exclusion, 120 patients were randomly allocated to 1 of 12 study groups (3 × 4 groups of 10 patients) to receive propofol with or without remifentanil infusions. Cohorts of 10 patients per group were used as a convenience sample based on previous drug interaction studies. [12] [13] [14] On arrival in the operating room, an IV cannula was inserted in the nondominant hand or forearm. All patients received an IV infusion of crystalloid solution, at a rate of 500 cc/h, to deliver the required drugs and fluids during the study period. The study was performed before any surgical intervention in a quiet operating room. Standard vital signs monitoring was used, including EEG, hemodynamic, and respiratory monitoring. Frontal EEG activity was recorded using a Vista BIS monitor (Covidien, Boulder, CO) with 4 electrodes (BIS TM Quatro Sensor, Covidien, Boulder, CO). The cerebral drug effect was monitored using the BIS (Bispectral Index [BIS™], Covidien, Boulder, CO), derived from the raw frontal EEG. BIS electrodes were placed as recommended by the manufacturer. HR, 3-lead electrocardiogram, capnography, and pulse oximetry were recorded continuously, and noninvasive MAP was recorded every minute using a Philips IntelliVue MP50 (Philips, Eindhoven, The Netherlands) monitor. Numerical and waveform data were recorded electronically using Rugloop II © software (Demed, Temse, Belgium). The raw EEG was recorded at a rate of 128 Hz and stored for post hoc analysis.
Patients were allocated to one of the 12 groups by stratified randomization. Three different hypnotic levels, "light," "intermediate," and "deep," were allocated to BIS targets of 70, 50, and 30, respectively. Within each of the hypnotic levels, patients were randomized into 4 groups receiving predicted CeREMI of 0, 2, 4, or 6 ng/mL. To ensure that the intended hypnotic level was achieved, a previously published and validated BIS-guided closed-loop system 15 was used for propofol administration. Propofol and remifentanil predicted concentrations were calculated using the Schnider and Minto model, respectively. [16] [17] [18] [19] The specific remifentanil concentrations were selected to cover a clinically relevant spectrum of antinociception.
The timeline of the study is shown in Figure 2 . All event times are reported in seconds relative to the start of the Modified Observer Assessment of Alertness and Sedation (OAA/S) evaluation. For each patient, a target-controlled infusion system for remifentanil infusion was started at the beginning of each study, targeting the allocated predicted remifentanil effect-compartment concentration. The www.anesthesia-analgesia.org
ANesthesiA & ANAlgesiA start of the remifentanil infusion was defined as −1080 seconds. Three minutes later (900 seconds before the start of the OAA/S scale evaluation), the closed-loop controlled propofol infusion was started, targeting the allocated BIS level. Immediately after loss of consciousness, a laryngeal mask airway was inserted to maintain a patent airway (in patients who remained responsive to verbal commands, a tight-fitting facemask was used to administer oxygen). If required, manually assisted ventilation was performed to maintain oxygenation and normocapnia. At 30 seconds before the start of the OAA/S scale evaluation, the CePROP and CeREMI were assumed to be sufficiently close to steady-state equilibrium. At this time, the propofol closed-loop infusion was switched to an open-loop target-controlled infusion administration, and the effectsite target concentration was fixed at the "steady-state" CePROP last achieved by the closed-loop infusion system. This approach ensured that CePROP remained stable during the response period ( Fig. 2 ) and that arousal in the BIS signal, if present, could be attributed to the stimulus. At timepoint "0 seconds," we applied the sequence of stepwise, graded stimuli of the OAA/S) scale 20 (Table 1) . Stimuli for OAA/S values between 5 and 3 focus on the hypnotic component of anesthesia while those for 2 or lower contain a nociceptive component. Sixty seconds after the start of the OAA/S scale evaluation, defined as "60 seconds", patients received a 30-second long (100 Hz, 60 mA) electrical stimulus. 21, 22 The stimulation electrodes were placed over the ulnar nerve on the volar side of the wrist. The presence or absence of purposeful movement in response to tetanic stimulation was noted by the observer. For ethical reasons, patients who scored an OAA/S of 5 did not receive a tetanic stimulus and were considered responders. All observations were continued until 180 seconds after the start of the OAA/S scale evaluation. We used CeREMI as a measure of the level of antinociception, a standardized stimulus as nociception and the observed BIS as the measure of the degree of hypnosis. Individuals with an OAA/S score of 0 and no movement in response to tetanic stimulation were considered tolerant (=nonresponders), while individuals with an OAA/S greater than 0 and/or purposeful movement in response to tetanic stimulus were considered responsive (=responders). The systematic application of OAA/S and tetanic stimulation as performed in this study was treated as 1 stimulation sequence. Offline analysis of the recorded raw electroencephalogram was later performed to calculate CVI (v2.1). CVI, which has previously been described, 10 is a weighted combination of BIS, sBIS, and sEMG, where sBIS is the standard deviation (SD) of the BIS signal over the previous 3 minutes, and sEMG is the SD of the EMG over the previous 3 minutes. BIS is derived from the electroencephalogram power in the frequency band from 0 to 47 Hz using a proprietary algorithm based on the fixed, weighted combination of several subparameters, including β-ratio, SynchFastSlow, QUAZI, and burst suppression ratio. EMG is a measure of the power of the signal in the frequency band between 70 and 110 Hz recorded using the frontal electrodes of the BIS monitor. The fixed-weighted combination of BIS, sBIS, and sEMG results in CVI, which is a dimensionless index that ranges between 0 and 10 with lower values indicating an ideal balance between nociception and antinociception. The applied weights for BIS, sBIS, and sEMG into the CVI calculation and specific artifact filters are proprietary.
STATISTICAL ANALYSIS
The measures considered during the analysis were BIS, CePROP, CeREMI, CVI, HR, and MAP.
We defined 2 analysis periods relative to timing of the application of OAA/S: (1) the baseline period, from −30 to 0 seconds and (2) the response period, from 45 to 180 seconds after the start of the OAA/S scale evaluation. The tetanic stimulus was applied during the response period (always given at 60 seconds until 90 seconds after the start of the OAA/S scale evaluation). The value of a measure for an individual was defined as its median value over the relevant time period. For example, the baseline BIS for an individual was the median BIS observation over the period 30 seconds before until 0 second, the start of the OAA/S scale evaluation.
In addition, we calculated for each individual patient (1) the change in measure as a result of stimulation as the difference between baseline and response value, defined as below: Median values are used to reduce the possibility of imbalanced noise and outlier observations unduly influencing the estimate of the typical value of a signal during the period.
To explore relationships between the measures and Baseline BIS or CeREMI, we performed a linear regression analysis between each measure (CVI, HR, and MAP) and Baseline BIS or CeREMI and determined the coefficient of determination (R 2 ) for each pair. In addition, a Pearson product-moment correlation coefficient (ρ) between CVI, HR, and MAP versus Baseline BIS or CeREMI was calculated.
Significance of this correlation, defined as a 95% confidence interval excluding 0, was determined.
For all the measures, descriptive statistics were investigated for each group. Two-way analysis of variance with Tukey post hoc test was done to analyze differences between various CeREMI levels or various BIS levels. Significance level was set at 5%.
The ability of the measures (BIS, CVI, CePROP, CeREMI, HR, and MAP) to correlate with the observed tolerance or responsiveness to the combined OAA/S-noxious stimulus was evaluated using the prediction probability (P K ), which compares the performance of the measures having different units, as developed by Smith et al. 23, 24 and described previously in anesthetic research. 25, 26 Briefly, consider a variable such as BIS, CVI, etc… and a "gold standard" such as the observed tolerance or response to the combined OAA/Snoxious stimulus. Then, a P K of 1 for the measure would mean that measure always shows higher values when the patient responded to the combined OAA/S-noxious stimulus. Alternatively, a P K value of 0.5 would mean that the specific variable is useless for measuring the clinical response. For CePROP and CeREMI, this relationship was inverted. The jack-knife method was used to compute the standard error (SE) of the estimate, based on the assumption that all assessments were independent. Prediction probability was calculated using a custom spreadsheet macro, P K MACRO, developed by Smith et al. 23, 24 For the clinician, it is important to know the cutoff (threshold) values at which the measure can maximally discriminate responders and nonresponders, and also the sensitivity and specificity of this value. 27 Practically, this is the answer to the question: "which number should I put as alarm limit for BIS, CVI, …on my vital signs monitor to detect responsiveness and how accurate is this value?" As P K calculations only offer a general impression of accuracy, this question should be answered by using sensitivity/specificity analysis. As such, the number of false positives (FP), false negatives (FN), true positives (TP), and true negatives (TN) were determined at each threshold. From these values, we calculated the positive and negative predictive values (PPV = TP/(TP + FP) and NPV = TN/(TN + FN)). PPV is the proportion of individuals with a measure value higher than the threshold (claiming somatic responsiveness) that are observed as responders. NPV is the proportion of individuals with a measure value lower than the threshold (claiming somatic tolerance) that is observed as nonresponders. We considered an appropriate range of threshold values for each measure and determined whether the observed value for each individual was greater (or less) than the threshold. For CePROP and CeREMI, this relationship was inverted. Good classifiers have some threshold where both PPV and NPV are close to 1.
To determine which threshold value offers the best discrimination and accuracy, we determined an optimal threshold by the maximum of the Matthews Correlation Coefficient (MCC) with respect to the threshold, defined as below:
MCC TP TN FP FN TP FP TP FN TN FP TN FN
The MCC is a useful indicator of binary classifier performance, unaffected by differences in the sizes of the classes. It returns a value between −1 and +1, where +1 indicates perfect prediction, 0 no better than random prediction, and −1 total disagreement between prediction and observation. 28 Significance level was determined by using the (2-sided) t test for correlation coefficients. We calculated the MCC value corresponding to a P value of 0.001. Comparison between BIS, CVI, CePROP, CeREMI, HR, and MAP for responders versus nonresponders was done using a t test.
RESULTS
All included patients completed the study. As described in Figure 1 , data from 120 patients were analyzed. Characteristics of analyzed patients were similar between groups (data not shown). One individual from the BIS 70 REMI 2 group was not analyzed due to unstable predicted plasma propofol concentrations during the response period due to a user error when opening the closed-loop system. For another individual from the BIS 70 REMI 2 group, the OAA/S response was not recorded. Table 1 shows the OAA/S scores registered during the study and the number of patients classified as responders to the OAA/S and/or tetanic stimulation.
For all groups combined, the individual measures (BIS, CePROP, CeREMI, CVI, HR, and MAP) at baseline and during the response period are plotted for tolerant and responsive patients separately in Figure 3 . It can be observed that the closed-loop control system for BIS performed well, showing peaks in density around the BIS targets of 30, 50, and 70 at baseline. As BIS closed-loop control was stopped before baseline measure, changes in BIS were observed during the stimulation period. Per protocol, both CePROP and CeREMI were stable at baseline and during the response period. De visu differences (especially in the inter-individual variability range) can be observed between tolerant and responsive patients for most of the measures. Figure 4 displays the relationship between the individual median baseline, response CVI, and ΔCVI versus Baseline BIS and CeREMI using 2-dimensional regressions. A significant correlation is shown between Baseline CVI and Response CVI versus Baseline BIS. More scatter is seen in the Response CVI versus Baseline BIS plot, resulting in a lower R 2 . Although significant, ΔCVI shows a weak correlation and a lot of scatter versus Baseline BIS. No significant correlation is seen between CVI and CeREMI.
We also detailed the mean (SD) CVI values for all groups separately. Table 2 shows the average of individual median CVI values during baseline and response period for all groups separately. Table 3 shows the data for ΔCVI. When the BIS target was 50, CVI values during both the baseline and response periods were higher when no remifentanil was given. For the BIS 70 and BIS 30 target levels, similar CVI values were found between various CeREMI. As stated before, for a given CeREMI, lower CVI values are seen at lower BIS targets for both baseline and response periods. Table 3 reveals very few significant differences in ΔCVI versus various BIS and CeREMI levels. As higher ΔCVI values were observed for all groups at targeted BIS of 70 and for the group BIS 50-CeREMI 0 versus all more extensive drug levels, it seems there is a clear differentiation between these 2 cohorts of groups. Figure 5 shows the relationship between the individual median baseline, response HR and ΔHR versus baseline BIS and CeREMI using 2-dimensional regressions, where only a weak correlation between ΔHR and Baseline BIS is observed. The relationship between Baseline and Response HR versus CeREMI is moderate, however, not resulting in a significant relation between ΔHR and CeREMI. For Baseline and Response HR, Table 2 shows a significant decrease when remifentanil is given at BIS levels 50 and 70. No overall differences in ΔHR are observed ( Table 3 ). Figure 6 shows the relationship between the individual median baseline, response MAP and ΔMAP versus BIS and CeREMI. Similar to HR, MAP only reveals a significant relationship with CeREMI at Baseline and Response level, not resulting in significance for ΔMAP. No relationship with Baseline BIS is observed. These finding are confirmed in the detailed values shown in Tables 2 and 3. For CVI, HR, and MAP, the individual data for subjects who were tolerant (nonresponders) versus responsive (responders) to stimulation are plotted in Figures 4-6 . For CVI, de visu observation of Figure 4 shows a clear differentiation of responders and nonresponders in both baseline and response conditions. For HR and MAP, this is less clear. Table 4 shows the significantly different average values (with SD) of each metric between tolerant and responsive subjects. As differences in the mean are not sensitive enough to observe the accuracy of differentiation, we tested the ability of the measures to differentiate responders versus nonresponders using the P K assessment, and the results are shown in Table 4 . P K values for BIS and CVI at baseline showed a similar and acceptable prediction probability. Other measures performed poorly. During the response period, CVI and BIS showed a good association with the response to the combined OAA/Snoxious stimulus. Other measures performed significantly less accurately. ΔCVI is a significantly better measure to monitor the response to stimulation than ΔBIS, ΔHR, or ΔMAP, as depicted by a significantly higher P K value. Figures 7-9 show the PPV and NPV for a range of thresholds (being specific measure values) for each measure to classify individuals as tolerant or responsive to the applied stimuli for the baseline, stimulation period, and the change or "Δ" between baseline and response, respectively. In addition, the MCC is shown for each specific threshold, to indicate the binary classifier performance. Only the MCC values outside the shaded range are statistically significant. The highest (or lowest) MCC value indicates the best threshold value for discrimination. During baseline (Fig. 7) , similar performance was seen for BIS and CVI. The overall MCC values are only showing moderate performance (all values around 0.5). The highest MCC for BIS and CVI is found around a BIS of 60, and a CVI of 1.8. For the other measures, no meaningful thresholds can be defined indicating overall low performance. During the stimulation period ( Fig. 8) , CVI performed the best, followed by BIS. Maximum MCC values for BIS and CVI were 0.55 and 0.8, at BIS and CVI thresholds of 66 and 2.5, respectively. Thus, CVI shows better performance than BIS at their most accurate threshold values. Other measures showed poor performance without meaningful threshold values. Figure 9 shows the accuracy of the change in values between baseline and stimulation period for each measure in relation to tolerance or response to stimulation. For ΔCVI, the highest combined PPV and NPV for a range of thresholds to detect tolerance/responsiveness to stimulation (being the value where the lines cross) is seen at a difference in value of 0.8 between tolerant and responsive subjects with an accuracy, defined by the MCC, of around 0.9. In contrast, ΔBIS was was not useful to classify tolerance versus response, achieving an MCC of 0.4 at the value of highest combined PPV and NPV.
DISCUSSION
In a patient undergoing anesthesia, adequate suppression of consciousness and an optimal nociception-antinociception balance should ensure somatic tolerance to subsequent painful stimuli. We found that values of 2 indices, BIS and CVI, derived from the EEG detected this optimal state more accurately than hemodynamic measures. However, the interpretation of these indices in clinical practice may be challenging because the cerebrally derived information of analgesic state is strongly influenced by the hypnotic drug effect and does not differentiate well between opioid levels in the unstimulated condition. The performance seems to be improved in conditions where noxious stimulation is present.
No significant relation was observed between CVI and CeREMI in the absence of a noxious stimulus, except between no remifentanil and a very high www.anesthesia-analgesia.org
ANesthesiA & ANAlgesiA dose of remifentanil (6 ng/mL) at a target BIS of 50 (decrease in CVI). During stimulation at a target BIS level of 50, a significantly lower CVI was found when remifentanil was given, although without a concentration-effect relation. As a result, ΔCVI was not different at various CeREMI levels. Our findings are partially in agreement with those from Ellerkman et al., 11 who also did not find a significant decrease in CVI at increasing CeREMI without stimulation, but found significant changes during stimulations, resulting in a better relationship between ΔCVI and CeREMI. Their study only included a lower range of CeREMI concentrations (0-3 ng/mL).
Relating analgesic state indices to specific opioid concentrations in the absence of a noxious stimulus remains challenging as published previously for other measures derived from the autonomic nervous system. 5, 22, [29] [30] [31] [32] In the presence of a noxious stimulus, we and others found an influence of remifentanil on the performance of the surgical pleth index, an analgesic state index derived from the plethysmographic wave. However, as in the current study, only differences between no-and lowdose remifentanil were revealed, and no relationship was seen with further increases in CeREMI. 22, 31 Although Rantanen et al. 21 demonstrated that a 30-second tetanic stimulus emulates the noxious stimulus generated at skin incision, use of other noxious stimuli might result in more significant relations between CVI and CeREMI. This has to be clarified in further studies. Some authors claim that an ideal index of the analgesic state should be independent from the hypnotic level of anesthesia. Using this reasoning, indices of the analgesic state should correlate directly with the level of antinociception (e.g., an opioid concentration) in the absence of a noxious stimulus. Without noxious stimulus, these indices should ideally not be influenced by the level of hypnosis. 5, 22, [29] [30] [31] In our study, CVI values both before and during the noxious stimulation were influenced by the hypnotic level. Lower BIS levels were associated with lower CVI levels, both in the absence and presence of a noxious stimulus. As seen in Figure 4 , at very deep levels of hypnosis, the influence of remifentanil on CVI is overwhelmed by the high concentration of propofol. Previous studies 11 did not include a determination of the influence of various hypnotic levels on CVI. As such, our study demonstrates that one should examine various hypnotic levels before making conclusions on the accuracy of analgesic state monitors in the presence or absence of a noxious stimulus. The primary site of action for analgesic drugs such as opioids is in the spinal cord and brainstem. Due to the challenges and limitation of currently available technology to adequately monitor these areas noninvasively, all current analgesic state monitors assess some physiological signal at more accessible sites to try to calculate the modulation on the observed signal by the noxious stimuli. 33 The results of this study confirm that CVI, an index of the variability of BIS and frontal EMG activity, is not independent of the hypnotic state and is not purely related to CeREMI. We also realize that BIS and CVI are not measuring the effect on the spinal cord but reveal secondary www.anesthesia-analgesia.org
ANesthesiA & ANAlgesiA information from the noxious stimulus when reaching the cerebral cortex via ascending pathways. As such, we would rather define CVI as an arousability index and not as a measure of the balance between nociception and antinociception, similar to the suggestion by Glass in his mental model stating that "opioids attenuate the noxious stimulus that activates the neural response circuitry, whereas hypnotics directly suppress the neural response circuitry." 9, 34 Interestingly, we also observed ( Table 3) that ΔCVI depends on both hypnotic and antinociceptive levels, and see this as concordant with the abovementioned suggestion of Glass. In all BIS 70 groups and the BIS 50 CeREMI 0 group, higher ΔCVI values occurred in response to nociception. At other combinations, no ΔCVIs were observed. As such, ΔCVI as a result of a noxious stimulus could be an interesting indicator of overall arousal caused by inadequate hypnosis, inadequate antinociception, or the combination of both. We successfully controlled the hypnotic component of anesthesia by titrating CePROP to a specified BIS target using a previously validated closed-loop system. 15 Our aim was to standardize cerebral drug effect to minimize interindividual variability and to automatically consider the pharmacodynamic synergy between propofol and remifentanil at a specific hypnotic level. Although BIS is a surrogate measure of the hypnotic component of anesthesia and has its limitations, 1 we contend that standardization of cerebral effect would not have been possible with a fixed CePROP and CeREMI approach. Because HR and MAP are still used in clinical practice to titrate administration of both hypnotics and analgesics, we investigated their relationship with CeREMI and BIS. Similar to previous publications, 25, 26 we found neither useful relationships for both HR and MAP nor for ΔHR and ΔMAP. Only the known hemodynamic side effects (bradycardia and hypotension) were identifiable when remifentanil was given.
Somatic response such as movement in response to a noxious stimulus can also be considered a mixed clinical phenomenon. Immobility is recognized as a cardinal feature of general anesthesia and can be achieved by a high concentration of hypnotics or opioids or by optimal combinations of different drugs. 35, 36 As such, movement after a tetanic stimulus can be caused by inadequate hypnosis or a mismatch in the analgesic state or a combination of both. The ability to identify individuals likely to respond to stimulation is useful because it gives the anesthesiologist the opportunity to increase 1 or both of the components of anesthesia before stimulation/response occurs. BIS, CVI, HR, and MAP were significantly different between responders and nonresponders to an OAA/S-noxious stimulus, both at baseline and during the stimulation period. The changes in these measures were also significantly larger in the response group. This is in agreement with that of previous studies. 10, 11 Because differences in the mean values do not have to result in high sensitivity and specificity for a specific measure per se, we also searched for an objective accuracy evaluation (using P K ) and an identifiable threshold significantly discriminating the presence or absence of responses to an OAA/S-noxious stimulation. We first assessed the ability of the baseline measures to accurately predict movement responses. Using the P K and the MCC, we found that BIS and CVI were the most accurate predictors of somatic responses among those tested. CePROP, CeREMI, HR, and MAP were not found to be reliable predictors. As movement in response to a noxious stimulus is a spinal cord and not brain-based function, we could question whether CVI and BIS can predict movement at all. The spinal-cerebral relationship might be too complex to call cerebrally derived indices "predictors of movement." Whereas there are some anesthetics that are classified as immobilizers (can achieve minimum alveolar concentration [MAC]), there are others that, while providing unconsciousness, will not immobilize the subject at any concentration (nonimmobilizers). Movement or an assessment of MAC still has a spinal cord origin. The concentration-effect relation for hypnotics versus MAC is well-defined for the volatile anesthetics that is fairly steep. 37 Because we used a combination of propofol and opioids, the concentration-effect relationship between interaction drugs and immobility becomes rather complex.
Although clinically applicable, we should realize we are not measuring the spinal cord, but we are just revealing information from an epiphenomenon. Although the definition of P K could be interpreted in a predictive way, we would rather be careful and agree with the conclusion of Mathews et al. 10 stating that "CVI might detect periods of somatic response." This was certainly revealed by the more accurate performance during the stimulus period. Here, we clearly found that BIS and CVI correlated with the probability of somatic responses. The other measures provided no clear predictions or indications of somatic response.
The detailed sensitivity/specificity analysis showed that only BIS and CVI are meaningful measures to detect somatic responsiveness. At baseline, a threshold value for BIS and CVI indicating that an individual would be responsive to an upcoming OAA/S-noxious stimulus was revealed, however, with only moderate accuracy (MCC values approximately 0.55). During stimulation, CVI showed a higher MCC than BIS, indicating a better performance at the best discriminating threshold value. During periods of stimulation, a CVI value higher than 2.5 can be associated with periods of somatic responsiveness. For BIS and CVI, our findings are in agreement with a recent publication by Mathews et al. 10 who found that increases in EEG and EMG variability were associated with an increased incidence of intraoperative somatic responses. Different findings are observed for the changes in the indices ("Δ") between baseline and stimulation. The ΔBIS is not accurate for monitoring response to stimulation compared to BIS during the Baseline and Response period. Although derived partially from BIS, ΔCVI is a much better measure than BIS for this purpose. This suggests that changes in frontal EMG activity (a component of CVI) 10, 38 provide useful information. Although the frontal muscles are rather resistant to neuromuscular blockade, the performance of CVI during profound neuromuscular blockade might be compromised. This has to be investigated in future studies. All other measures performed poorly as binary classifiers for tolerance or response to noxious stimulus.
One could question whether CVI offers more clinical benefits than BIS in detecting response to a noxious stimulus. CVI offers a value of arousability that is derived from changes in BIS and frontal EMG over time. We are convinced that clinicians cannot focus enough on the fast temporary changes in BIS and EMG measures to detect arousability online, so a derived measure might be of clinical value. In addition, our group has proven that static views of small changes in displayed vital signs information are not always accurately diagnosed by the clinician. 39 In conclusion, CVI and BIS more accurately detect somatic responses to an OAA/S-noxious stimulation than HR, MAP, or CeREMI and CePROP. ΔCVI is a better measure to monitor the time course of the response to stimulation than ΔBIS, ΔHR, or ΔMAP. We cannot conclude that CVI is an independent index of the balance between Figure 8 . Performance of response values. Positive and negative predictive value (PPV and NPV, thick and thin line, respectively) for a range of thresholds to detect tolerance/responsiveness to stimulation. Data were from the response time period, that is, 45 to 180 seconds after the start of the application of the stimulation sequence. Also shown is the Matthews Correlation Coefficient (MCC), a measure of binary classifier performance. The shaded area corresponds to nonsignificant values (at a level of P = 0.001). nociception and antinociception; however, we can state that CVI and ΔCVI offer information on arousability. None of the candidate analgesic state measures was uniquely related to a specific opioid concentration and is extensively influenced by the hypnotic state as measured by BIS. More research is required to investigate if combined drug concentration information from both hypnotic and analgesic drugs resulting in accurate clinical anesthesia would be better correlated to measures of the balance between nociception and antinociception. E DISCLOSURES Name: Marco M. Sahinovic, MD. Contribution: This author helped design and conduct the study, analyze the data, and write the manuscript. Attestation: Marco M. Sahinovic has seen the original study data, reviewed the analysis of the data, approved the final manuscript, and is the author responsible for archiving the study files.
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